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This work is part of the inter-laboratory collaboration to study the stability of seven distinct sets
of state-of-the-art organic photovoltaic (OPV) devices prepared by leading research laboratories.
All devices have been shipped to and degraded at RISØ-DTU up to 1830 hours in accordance
with established ISOS-3 protocols under deﬁned illumination conditions. In this work, we apply
the Incident Photon-to-Electron Conversion Eﬃciency (IPCE) and the in situ IPCE techniques to
determine the relation between solar cell performance and solar cell stability. Diﬀerent ageing
conditions were considered: accelerated full sun simulation, low level indoor ﬂuorescent lighting
and dark storage. The devices were also monitored under conditions of ambient and inert (N2)
atmospheres, which allows for the identiﬁcation of the solar cell materials more susceptible to
degradation by ambient air (oxygen and moisture). The diﬀerent OPVs conﬁgurations permitted
the study of the intrinsic stability of the devices depending on: two diﬀerent ITO-replacement
alternatives, two diﬀerent hole extraction layers (PEDOT:PSS and MoO3), and two diﬀerent
P3HT-based polymers. The response of un-encapsulated devices to ambient atmosphere oﬀered
insight into the importance of moisture in solar cell performance. Our results demonstrate that
the IPCE and the in situ IPCE techniques are valuable analytical methods to understand device
degradation and solar cell lifetime.
1. Introduction
Organic photovoltaics (OPVs) have reached a mature stage,
with power conversion eﬃciencies (PCE) of around 8–10%.1
Further steps towards the development of large-area OPVs
require highly stable devices with long lifetimes. In order to
improve OPV stability it is important to understand the
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diﬀerent degradation mechanisms, and many characterization
techniques have been applied to this purpose. This work is part
of a series of publications from the research collaboration
established at the Third International Summit on Organic
Photovoltaic Stability (ISOS-3). Seven distinct state-of-the-art
OPV devices were prepared by leading research laboratories
(NREL, IMEC, HOLST, ISE, RISØ and IAPP). The devices
were aged under diﬀerent degradation conditions: accelerated
full sun simulation, low level indoor ﬂuorescent lighting and
dark storage. Our ﬁrst publication deals with the overall
degradation behaviour of the devices by reporting on the
changes observed in power conversion eﬃciency with aging
time.2 The second report deals with the analysis of the
degradation of the solar cells by combining diﬀerent charac-
terization techniques such as laser beam induced current
(LBIC), dark lock-in thermography imaging (DLIT), electro-
luminescence (ELI) and photoluminescence imaging (PLI).3
In this third publication, we apply the Incident Photon-to-
Electron Conversion Eﬃciency (IPCE) and in situ IPCE
techniques as tools to analyze the diﬀerent degradation paths
observed in the OPV devices. The IPCE, also known as
Quantum Eﬃciency (QE), is deﬁned as the number of charge
carriers collected by the solar cell depending on the number of
photons of a given energy adsorbed by the device. It is given in
terms of energy or wavelength, and it depends on several
aspects of the solar cell, like the absorption coeﬃcient of
the materials applied, the eﬃciency of the charge separation
and charge collection.4 Since it is independent of the incident
light spectrum, it is a useful tool to analyze solar cell response
under diﬀerent conditions. An IPCE spectrum can be con-
sidered as the ﬁngerprint of an OPV since almost each material
present in the solar cell can be identiﬁed by the corresponding
peak at a given wavelength. The changes observed in any of
the IPCE peaks indicate the solar cell materials that are more
susceptible to degradation at the given testing condition.
This technique presents several advantages since it is a non-
destructive method and a basic analytical technique found
at almost any photovoltaic laboratory. Its application can
give initial insight into the possible degradation paths of a
solar cell without the application of complicated analytical
methodologies. The work presented here is divided into
4 main sections (see Results and Discussion). To facilitate
the comprehension of the work, the sections are written
independently of each other, and the reader is directed to
any other section when necessary. In the ﬁrst section we
identify and describe the diﬀerent IPCE peaks observed for
each reference device (Section 3.1). The following sections
(3.2 to 3.4) describe the results of the stability tests carried
out on the devices (accelerated full sun simulation, low level
indoor ﬂuorescent lighting or dark storage) depending on
the type of encapsulation used for the devices. Thus, the
second section encompasses the glass encapsulated devices
(IAPP, HOLST and ISE devices), the 3rd section the semi-
encapsulated devices in plastic (RISØ-P and RISØ-S) and
ﬁnally, the 4th section, the un-encapsulated devices (IMEC
and NREL). Our results give insight into the intrinsic stability
of the solar cells with two ITO-free alternatives (HOLST
and ISE), two diﬀerent P3HT polymers (RISØ-P and RISØ-S)
and the stability under ambient air depending on two diﬀerent
hole extraction layers like PEDOT and MoO3 (NREL
and IMEC).
2. Experimental
2.1. Devices
The photovoltaic devices were prepared by various collaborators
within the consortium according to the round robin discussion
group and planning at the ISOS-3 workshop. The devices were
prepared by six diﬀerent groups: the Institute of Applied
PhotoPhysics in Dresden, Germany (IAPP), the Interuniversity
MicroElectronics Centre in Leuven, Belgium (IMEC), the
National Renewable Energy Laboratory in Golden, Colorado
(NREL), the HOLST centre in Eindhoven, The Netherlands
(HOLST), the Fraunhofer Institute for Solar Energy Systems in
Freiburg, Germany (ISE), and the Department of Energy
Conversion and Storage, Technical University of Denmark
(RISØ-DTU). Fig. 1 displays all investigated devices true to
scale. The details of the preparation and architecture of the
photovoltaic devices investigated within this collaboration
can be found within the ﬁrst article of this series.2 In brief,
all devices utilize the bulk heterojunction architecture for
the photoactive layer. The material system in the case of
vacuum processing was based on zinc-phthalocyanine:fullerene
(ZnPc:C60), in all other cases it was based on P3HT:PCBM or
P3HT-co-P3AcET:PCBM processed from solution. A larger
variation occurred in the application of electron transport–hole
blocking and hole transport–electron blocking layers, as well as
in electrode materials and structures. Five of the devices were
processed on glass and two on ﬂexible PET-substrates. Whereas
the ﬂexible devices were protected by barrier sealing including a
UV-ﬁlter, only some of the devices processed on glass were
sealed under glass or stainless steel. Overall, seven distinctively
diﬀerent device architectures were used and large variations in
the cell size, its architecture and the fabrication process form
the experimental basis for improving the fundamental under-
standing about various degradation processes and the applic-
ability of complementary characterization methods.
2.2. Degradation protocols and testing conditions
The degradation and testing conditions carried out for the
diﬀerent devices have been described in our ﬁrst publication.2
Fig. 1 Solar cell devices from each laboratory at real scale. The
illuminated area for the setup at CIN2 with own device (a) and the
illuminated area for an IMEC device in the IPCE setup at CIN2 (b).
Analyses are carried out in the dark.
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The devices were submitted from the corresponding home
laboratory to RISØ-DTU and then to our laboratory, CIN2,
for IPCE and IV curve analysis. Devices labelled as ‘reference’
were analyzed by the home laboratory right after fabrication,
at RISØ-DTU and also at CIN2 before any stability tests were
carried out. For practical purposes we identify these solar cells
as T100. Nevertheless, the time that passed between device
fabrication and analysis at CIN2 was more than a month, this
time lapse should be kept in mind, and will be commented in
the corresponding section. Nevertheless, for practical reasons,
reference devices analyzed at CIN2 are also labelled T100. Once
the stability tests were carried out at the RISØ-DTU laboratory,
the devices were shipped to CIN2 to carry out the IV curves
and the IPCE analyses. In the cases where a substrate com-
prises several solar cells, i.e. IMEC, NREL, ISE and IAPP, a
single solar cell was chosen to carry out the stability test at
RISØ-DTU,2 but at CIN2 all solar cells within a substrate
were analyzed by the IPCE techniques and by IV curves.
2.3. IPCE analysis
The devices received at CIN2 were analyzed by IPCE and IV
curves within the same time interval. IV curves were recorded
at 1000 W m2 in a sun simulator KHS Solar Constant 1200
calibrated with both a pyranometer (Kipp & Zonen, CM 4)
and a solar reference cell from ABET tech (NIST traceable
calibration). The IV curves were recorded with a Keithley
2601, applying the Solar_Cell_v4_SP software developed by
Mikkel Jørgensen at RISØ-DTU. The IPCE analyses were
carried out with a QE/IPCE measurement System from
Newport (300 W Xe light source, digital lock in measurement
with NIST calibrated detector) at 10 nm intervals between 300
and 1000 nm. A calibrated photodiode from Hamamatsu
(S1227-1010BQ) was also used to calibrate the equipment
before each experiment. The results were not corrected for
intensity losses due to light absorption and reﬂection by the
glass support and not interference eﬀects were considered.5
Analyses were carried out in the dark without light bias.
The main challenge to perform the IPCE analyses was the
diﬀerent dimensions of the solar cells observed between all
diﬀerent devices. Fig. 1 shows the images of all the devices
analyzed in this work, and the dimensions for each device. For
comparison purposes Fig. 1a shows the IPCE setup showing
the dimensions of a device and the irradiated area for a CIN2
device and setup. Fig. 1b shows a representation of the
irradiated area for an IMEC device. As it can be observed, it
was unfeasible to ﬁt the irradiated area of the CIN2 setup to
the active area of all the analyzed devices, especially for those
devices with similar or smaller active areas than the irradiated
beam, like NREL, IMEC and especially for IAPP which has
the smallest area of all. The ISE device has front metal
electrode grids that can also interfere with the light beam,
producing a shadow. These issues can compromise the quanti-
tative IPCE measurement, since irradiating the devices outside
the active area results in lower IPCE values. Taking the latter
into account, the results presented in the work include the
IPCE analysis and also the normalized IPCE spectra. The
results were also correlated with the corresponding IV curves
for each device analyzed.
2.4. The in situ IPCE analysis
The in situ IPCE analysis refers to the analysis of a sample by
IPCE at regular periods of time when the testing atmosphere is
changed from ambient air to a N2 atmosphere. The method
permits us to monitor any changes observed in the solar cell
when oxygen is eliminated from the environment. It is also an
easy method to identify the materials that are more susceptible
to degradation due to the ambient atmosphere. The compari-
son between the IPCE from each stability test and the in situ
IPCE analyses can permit us to distinguish between diﬀerent
processes and to ﬁnd new peaks not seen in the IPCE spectrum
of a freshly prepared device. In the encapsulated devices we
can separate information like photolysis (in the absence of
oxygen and moisture) and photooxidation due to oxygen and
moisture when the device is opened to air. To carry out the
in situ IPCE analyses, devices were introduced into a home-
made holder designed at CIN2 as shown in Fig. 2. The CIN2’s
cell holder has been described before for small devices (5 cm
diameter window).6 Brieﬂy, it consists of a two-piece glass
reactor with a cooling jacket for temperature control, with a
home-designed o-ring sealed cap. It has ports for thermocouple,
inlet and outlets for low pressure gas ﬂow, quartz window and
cable connections. Due to diﬀerent solar cell sizes, we modiﬁed
the described cell holder to accommodate a 15 cm quartz
window, so a variety of solar cells can be analyzed as shown in
Fig. 2c (RISØ-DTUs 10 cm  10 cm ﬂexible substrate) and
Fig. 2d (IMEC’s solar cell). The in situ IPCE analysis was
carried out on ﬁve devices: NREL, IMEC, RISØ-DTU, IAPP
and HOLST. Due to the type of encapsulation, the ISE device
was not included in these tests. In the case of IAPP and
HOLST, the devices are fabricated using glass and encapsu-
lated with lids of glass and stainless steel respectively, using
adhesives, so an opening was made on the devices for air from
the atmosphere to penetrate into the solar cell. Once the device
was placed inside the cell holder, the in situ IPCE test was
carried out every few minutes at the same time that N2 was
introduced into the cell holder at a constant rate. Thus,
IPCE curves were recorded from the transition from ambient
Fig. 2 CIN2’s OPV holder with a 15 cm diameter quartz window
used for the in situ IPCE analysis, (a) upper view, (b) side view,
(c) holding a RISØ-DTU’s solar cell, (d) holding IMEC’s solar cell,
(e) and (f) RISØ-DTU’s and IMEC’s solar cells under irradiation
respectively. Analyses are carried out in the dark.
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atmosphere to the inert N2. Since our aim is to observe the
changes in the IPCE peaks with time, and the methodology
ensures that the irradiated area is always the same during the
experiment, the graph of the in situ IPCE intensity is presented
in some cases in arbitrary units. The comparison of the
normalized IPCE spectra obtained in air and under N2 atmo-
sphere gives an indication of the peaks and/or wavelength
region aﬀected by the atmosphere.
3. Results and discussion
This part is divided into 4 sections. The ﬁrst section (3.1)
includes the general characterization of all devices at T100
(reference samples). We describe the normalized IPCE spectra
for all samples and identify each peak. Sections 3.2 to 3.4
detail the analysis of each device under diﬀerent stability
tests: accelerated full sun simulation, low level indoor ﬂuor-
escent lighting and dark storage, depending on the type of
encapsulation.
The encapsulated devices were observed to be very repro-
ducible and the area under the curve of the IPCE spectra
corresponded well with the Jsc values from the IV curve. The
power conversion eﬃciency (PCE) trend (with a few exceptions)
corresponds well with the trend observed for the Jsc. This is true
for the reference devices and for the ﬁrst stages of any of the
stability tests. Nevertheless, the longer the stability tests the higher
the error in the output data, especially for the un-encapsulated
devices. The un-encapsulated samples showed high reprodu-
cibility problems and erratic response that will be described in
the corresponding section. Despite this, the conclusions obtained
from these devices were ample. The NREL and IMEC devices
are made of several solar cells per substrate which permitted
a valuable comparison of their response and reproducibility.
In addition, the combination of similar aspects between these
un-encapsulated devices (similar materials, device conﬁgu-
ration and substrate design) revealed hitherto inaccessible
information and degradation mechanisms.
To facilitate the interpretation of the results, each section is
independent of others and can be read separately. The reader will
be directed to a related section when necessary. To learn about the
stability of the OPV devices with two ITO-free alternatives
(HOLST and ISE) see Section 3.2. The eﬀect of two diﬀerent
P3HT polymers (RISØ-P and RISØ-S) is described in Section 3.3.
The analysis of the stability under ambient air depending on
the two diﬀerent hole extraction layers PEDOT and MoO3
(NREL and IMEC) is reﬂected in Section 3.4.
3.1. General characterization. Reference devices
Table 1 shows the IPCE peaks found in each of the solar cells
analyzed and their assignment (the corresponding IPCE spectra
are included in Fig. S1, ESIw). Devices were measured at T100
(used as references) approximately 1 month after the home
laboratories shipped the solar cells to RISØ-DTU and to
CIN2. The measurements were carried out before any stability
test was performed.
All devices, except for IAPP, use similar active layer materials,
the P3HT:PCBM blend, so bands corresponding to the P3HT
are observed at around 490 nm, 520 nm and 600 nm, as well as
for the PCBM between 450 and 600 nm.24 Fig. S1A (see ESIw)
shows the only two un-encapsulated devices: (a) IMEC and
(b) NREL, both devices present inverted conﬁguration. These
devices showmany similarities since their solar cell conﬁguration
and substrate designs are very similar: ITO/ZnO/PCBM:P3HT/
HEL/Ag–Al, where the only diﬀerence is the hole extraction
layer (HEL) which is PEDOT:PSS in the case of NREL
(Fig. S1Ab, ESIw), and MoO3 in the case of IMEC (Fig. S1Aa,
ESIw). The resulting IPCE graphs show very similar shape, with
two main diﬀerences corresponding to the UV region below
400 nm and a peak at 430 nm that appears in the NREL device.
In the case of the IMEC device the UV region below 400 nm is
wider than for the NREL solar cell, due to the absorption of
both, the electron extraction layer (EEL) made of ZnO17,18 and
the hole extraction layer (HEL) made of MoO3.
7–10 In the case
of NREL only the peak that corresponds to ZnO is observed
at 380 nm. The PEDOT:PSS layer is observed indirectly by a
peak at 425–440 nm that has been attributed to the interaction
between PEDOT:PSS and the metal electrode Ag.21–23 The
formation of a chemical bond between the Ag and the
PEDOT:PSS is possible due to the attraction of the S-atom
of PEDOT towards some metals like Ag and Au.25 A nano-
composite of the type [PEDOT:PSSAg] is known to absorb in
the UV-Vis at around B420–450 nm.21–23 This peak is also
present in the IPCE spectra of the devices where the PEDOT:PSS
Table 1 Assignment of the peaks observed by IPCE analysis for all the OPV devices analyzed in this work. The X in brackets indicates that a peak
is expected but not clearly seen
Peak (nm) Assignment IAPP ISE HOLST RISØ-P RISØ-S NREL IMEC Ref.
340 MoO3 X 7–10
340 ZnPc X 11–14
366 Cr/Al X 15, 16
375 ZnO X X X X X 17, 18
380 C60 X 19, 20
425–440 [PEDOT:PSSAg] X (X) (X) X 21–23
440 [PEDOT:PSSAu] X 21–23
450 PCBM X X X X X X 24
450 C60 X 19, 20
490 P3HT X X X X X 24
520 P3HT X X X X X 24
600 P3HT X X X X X 24
600 PCBM X X X X X X 24
635 ZnPc X 11, 14
680 ZnPc X 11, 14
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is in direct contact with a Au or Agmetal electrode like in the ISE,
HOLST and NREL devices. The peak should also be observed
in the RISØ-DTU devices but the shape of the RISØ-DTU
IPCE spectra could be hiding the peak (the peak value has
been added in brackets in Table 1).
Fig. S1B (ESIw) shows the two RISØ-DTU devices. The
main diﬀerence between them is the polymer applied. The
RISØ-P applies the P3HT polymer, while RISØ-S uses a
functionalized copolymer (poly-(3-hexylthiophene)-co-(3-(2-
acetyloxyethyl)thiophene)), the molecular formulae are shown
in the inset of Fig. S1B (ESIw). Both IPCE graphs are very
similar in shape with a slight blue shift observed for the
RISØ-S device. The absence of peaks in both RISØ-DTU
devices below 400 nm is due to the presence of a UV ﬁlter that
cuts light absorption below 400 nm and, thus, eliminates the
peak of the ZnO electron extraction layer (EEL). Fig. S1C
(ESIw) shows the inverted solar cell from the ISE laboratory,
this IPCE is very similar to the above described devices. In this
case, the ITO electrode has been replaced by a transparent
thin layer made of PEDOT:PSS with a Au grid. An opaque
Cr/Al/Cr triple layer acts as an electron collector. The peak
below 400 nm that appears for the ISE device is probably
due to the absorption of the Cr/Al/Cr electrode since AlxCry
catalysts have been reported to absorb at around 366 nm.15,16
The slight shoulder at about 450 nm can be attributed to the
[PEDOT:PSSAu] interaction which has been reported to absorb
at slightly longer wavelengths than the [PEDOT:PSSAg]
nanocomposite.21–23 Fig. S1D (ESIw) compares the four IPCE
spectra of the inverted OPVs of this work: (a) RISØ-P,
(b) NREL, (c) ISE and (d) IMEC. The NREL and IMEC
devices are un-encapsulated, while RISØ-P and ISE are semi-
encapsulated and encapsulated devices respectively. We con-
sider the RISØ-DTU devices to be semi-encapsulated since
oxygen and moisture can penetrate the type of plastic encap-
sulation used (PET). It is interesting to observe in Fig. S1D
(ESIw) that the maximum IPCE peaks of the four devices
are located at diﬀerent wavelengths, from 470–500 nm for
the encapsulated (ISE) and the semi-encapsulated device
(RISØ-P), and about 560 nm for the un-encapsulated devices
(NREL and IMEC). The red shift observed for the maximum
peak for the devices is attributed to the interaction of organic
semiconductors, P3HT and PCBM, with oxygen from air.26–31
The HOLST device is an ITO-free organic solar cell with a
normal conﬁguration and presents the typical features of
an OPV solar cell as already described (Fig. S1E, ESIw).
The HEL is a PEDOT:PSS layer in direct contact with the
Ag grid electrode thus showing the presence of a peak at
430 nm. Finally, the IAPP device (Fig. S1F, ESIw) is a small
molecule OPV made by vacuum processing. The IPCE spectra
of the IAPP device consist of ﬁve clearly distinguished
peaks, three for zinc phthalocyanine (ZnPc) and two for the
C60 molecule.
3.2. Encapsulated devices: IAPP, ISE and HOLST
3.2.1. IAPP: ITO/BF-DPB:C60/ZnPc:C60/BPhen/Al. The
small molecule organic solar cell IAPP devices, made of
vacuum processed ZnPc:C60 bulk heterojunction, resulted in
very stable devices as already reported.2,3 The ﬁve peaks in the
IPCE spectra of the IAPP sample correspond to the ZnPc at
340 nm, 630–640 nm and 680–700 nm,11–14 and to the C60
molecule at 380 nm and 460 nm.19,20 The ZnPc peaks are in
good correspondence with the absorption bands observed in
the UV-Vis absorption spectra, called the B (or Soret) band
around 300–400 nm in the UV region, and the Q band in
the visible region between 400 and 800 nm.14,32 The devices
were analyzed by IPCE as encapsulated and un-encapsulated
devices. For comparison purposes, the corresponding IV curve
was also recorded right before IPCE analyses. The encapsu-
lated devices were analyzed at T90 for three diﬀerent stability
tests (dark storage, low intensity ﬂuorescent light and full sun).
The latter represents more than 1700 h of testing under
each condition as detailed in Table 2. Some untreated devices
(T100) were opened to air by breaking the seal, by means of a
hole made through the glass, and were used for the in situ
IPCE analysis in a N2 atmosphere. Results revealed clear
diﬀerences under encapsulation conditions and in the presence
of ambient air.
Comparison of IPCE results at T100 at the home laboratory.
All devices were analyzed at T100 before shipping the devices
back to RISØ-DTU for stability tests. It is important to notice
that we call T100 the devices received in our laboratory at
CIN2, but more than a month had passed between the
fabrication of the devices at the IAPP home laboratory, and
the arrival to CIN2. The IAPP devices showed diﬀerences
between the IPCE analysis obtained at CIN2 and those
measured at the home laboratory (Fig. 3). Although the IPCE
spectra were very similar, diﬀerences within the wavelength
range below 550 nm were clearly observed. This wavelength
region encompasses one peak of the ZnPc at 340 nm, and two
peaks that correspond to the C60 molecule at 380 nm and
460 nm. In the case of the IAPP results, a single peak at about
350 nm is observed instead of the two lower-intensity peaks at
340 nm and 380 nm observed for the CIN2 analyses. The one
single peak for the IAPP devices clearly overlaps with the peak
at 380 nm, since some spectra show the presence of a shoulder
at 380 nm (Fig. 3). The diﬀerence in this peak observed
between the two laboratories can be explained by the Davydov
splitting which occurs in the B or Soret band at 340 nm of the
ZnPc.33 This splitting is attributed to the presence of more
than one (interacting) equivalent molecular entity in the unit cell.
The eﬀect has been observed on phthalocyanines and has been
attributed to many eﬀects, like the metal atom,33 temperature,14
the presence of oxygen,34 or due to light irradiation.32,35 For
example, El-Nahass et al. reported the splitting of the ZnPc
absorption peak at 335 nm into two peaks at 336 nm and
364 nm. The splitting was also accompanied by a slight shift of
the resulting doublet towards the red and the decrease in the
Table 2 Photovoltaic values for encapsulated IAPP devices analyzed
at T90 by diﬀerent stability tests
Device
Test
duration/h
Voc
(V)
Isc
(mA)
Jsc
(mA cm2)
FF
(%)
PCE
(%)
IAPP dark 1745 0.48 0.52 8.27 54.28 2.16
IAPP ﬂuorescent 1751 0.43 0.54 8.58 54.77 2.05
IAPP full sun 1823 0.49 0.53 8.40 51.79 2.16
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intensity for the splitted peaks below 400 nm.33 The latter
agrees with the diﬀerences observed for the IPCE spectra
analyzed by both laboratories. Moreover, the variation
between IPCE spectra observed by IAPP could encompass
devices with single peaks and double (or splitted) peaks. The
latter could probably be due to changes in the materials
occurring in the time period between initial fabrication of the
devices at IAPP and shipment to CIN2. It should be stressed
that those changes do not compromise the power conversion
eﬃciency of the devices and also that a more elaborate set of
experiments and analysis will be needed in order to clearly
attribute these changes to a speciﬁc mechanism.
Eﬀect of the type of light irradiation. The IV curves corre-
sponding to the encapsulated devices analyzed under the three
diﬀerent stability tests at T90 (after more than 1700 h of
testing) are shown in Fig. 4 and the corresponding photo-
voltaic values are detailed in Table 2.
The photovoltaic response in all three cases is almost
identical, with PCEs between 2 and 2.16%. Diﬀerences
between the devices can only be observed by comparison of
the IPCE spectra obtained from the three diﬀerent stability
tests (Fig. 4). The most remarkable change is observed in the
peak at 378 nm that increases with the increasing irradiation
dose when moving from the diﬀerent stability tests (a reference
cell at T100 is also included for comparison). The reproducibility
within the 4 devices of each substrate is also very consistent
for each test. Peaks at 340 nm, 630 nm and 670 nm of the ZnPc
do not show any important changes, whereas the strong
increase in the IPCE peak at 378 nm, together with the
slight decrease in the peak at 450 nm, corresponds to the
absorption of the C60 molecule. These results agree with
the photosensitivity of C60 observed for similar devices and
reported earlier.11 Song et al. have also reported on the
degradation of carefully encapsulated devices, where authors
observed the degradation of C60 and stated that not the
eﬀect of oxygen or water but some other factor is responsible
for this response.36 The possibility that the eﬀect is due to the
Davydov splitting is negligible since it would mean that the
Soret band at B378 nm (in the full sun spectra) should split
into 340 nm and 380 nm peaks (observed in the dark and
reference spectra respectively) without any red shifting of the
bands. The latter is diﬀerent enough as compared to the
above-mentioned work33 and rules out the Davydov splitting
eﬀect of the peak. Thus, we attribute the changes observed in
the peak at B378 nm, and the slight reduction of the peak at
450 nm, to a photo-induced eﬀect on the C60 molecule. The
latter is also in good agreement with the already published
report on the degradation of C60, by cage fragmentation,
induced by light.37
All these results indicate that any degradation in the IAPP
devices could be initially aﬀected by a photo-induced eﬀect on
the C60 molecule. Nevertheless, these changes have a negligible
eﬀect on the overall solar cell eﬃciency at this stage of the
Fig. 3 Normalized IPCE spectra for the IAPP reference devices at T100. (a) Comparison between two devices measured at the IAPP
home laboratory and at CIN2 (a), and (b) comparison of all reference solar cells measured at CIN2. The spectra are normalized to the
maximum peak.
Fig. 4 Normalized IPCE spectra (a) and IV curves (b) of the IAPP solar cells analyzed by diﬀerent stability tests at T90. A reference cell (T100) has
been included for comparison.
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tests (T90) as the eﬃciency is almost unchanged after more
than 1700 h of aging.
In situ IPCE analysis: eﬀect of ambient air. The in situ IPCE
analyses, carried out for an un-encapsulated device, reveal the
interaction of the solar cell materials with the atmosphere
(oxygen, moisture) at initial stages. Changes observed in the
IPCE correspond to the same irradiation area of the same
device, and are obtained when the device is opened to air and
every few minutes after N2 gas is introduced into the cell
holder (Fig. 5). The IPCE spectra obtained after the device
was opened to the ambient atmosphere (black line, Fig. 5a)
decrease steadily with time after the N2 gas is introduced. The
re-introduction of air provokes a reversible eﬀect and the
intensity of the whole IPCE spectra is observed to increase
(pink dotted line, Fig. 5a). Comparison of the normalized
IPCE spectra (Fig. 5b and c) shows clear diﬀerences between
the encapsulated device and the one that was opened to air:
(i) diﬀerent peak intensity, (ii) increase of the Soret peak of
the ZnPc at 340 nm, and (iii) a blue shift of the peak around
460 nm which moves to 440–450 nm in air (see also Table 3).
The increase of the overall IPCE spectra (Fig. 5a) in air is not
surprising, it is well documented that molecular oxygen largely
determines the properties of many organic semiconductors,
among them ZnPc34,38 and C60.
26 Oxygen dopes the ZnPc by
taking an electron from the phthalocyanines, becoming p-type.
The latter increases the current density and the photovoltaic
properties of solar cells30,34,38 due to the formation of a charge
transfer complex (CTC).29 Fig. 5c shows how the intensity
of the peak at 340 nm is lower in the absence of oxygen
(encapsulated and reference) and increases when air is in
contact with the materials. The latter also agrees with the blue
shift of the peak at 460 nm, which is also an indication of the
formation of a CTC between the organic semiconductor and
oxygen from the air. An interesting observation is that once
the device is opened to air the blue shift of the peak at 450 nm
is no longer reversible (not even after 65 min under N2), an
indication of the irreversible sensitivity (photobleaching) of
the ZnPc to air as already reported.39 In the case of the C60,
oxygen is known to diﬀuse into the bulk of C60, modifying the
electronic properties of the material.26 Under long exposure to
ambient air, the face centered cubic (fcc) C60 transforms into
amorphous carbon–oxygen compounds, and the icosahedral
C60 molecular structure is destroyed.
31 The complete degrada-
tion of IAPP devices under ambient air results in a decrease in
intensity of the entire IPCE spectrum, as observed in Fig. S2
(ESIw) for a device analyzed at T14. The reduction in intensity
of the whole spectra during aging has also been reported by
Hermenau et al.40
3.2.2. HOLST: Glass/Ag/PEDOT:PSS/P3HT:PCBM/LiF/
Al. The HOLST device is an ITO-free normal conﬁguration
OPV. Instead of ITO, the hole extracting electrode is made of
a Ag grid and a highly conductive PEDOT:PSS hybrid front
electrode, and a LiF/Al as the electron extracting layers. The
device is encapsulated between the glass substrate and a
stainless steel plate.
The HOLST devices were observed to be stable under dark
storage and low-intensity ﬂuorescent light, owing to their
glass-type encapsulation. The relation between PCE and Jsc
(from IV curve and from IPCE analysis) followed the same
trend for all the reference devices, as well as for each stability
test. The comparison between reference devices and the dark
storage analysis shows two main features (not shown): (a) a red
shift is observed for the peak at 420 nm that moves towards
460 nm, and (b) the sharpening of the peak at 600 nm. The peak
at 420 nm is associated with the reaction between Ag and
PEDOT:PSS and the red shift indicates the increase of the
reaction over time.21–23 These results indicate that even under
encapsulation, in the absence of oxygen and moisture, the solar
cell materials interact with each other, degrading the device
performance. The shifting of the peak at 420 nm towards
460 nm indicates that the interaction of the Ag-PEDOT:PSS
layer is almost spontaneous (as reported in diverse documents)
and does not require the presence of ambient atmosphere to
initiate the degradation of the Ag electrode.
Fig. 5 Un-encapsulated device IAPP 13_2: (a) In situ IPCE analysis
taken from ambient atmosphere to N2, (b) the normalized IPCE
spectra, and (c) IPCE spectra in (b) at a wavelength range between
320 nm and 500 nm. The analysis was carried out on the device IAPP
13_2 after a hole was made through the glass that allows air to
penetrate the device. The atmosphere was then changed from air
to N2 for several minutes. The reference device corresponds to the
10-3-IAPP encapsulated device at T100.
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The results of the full sun stability test are shown in Fig. 6.
The graphs correspond to the IPCE and the IV curves of the
HOLST devices after the test at T74, T30 and T8. The degrada-
tion of the devices followed by the IV curves indicates a
degradation path which corresponds to some features of the
IPCE spectra: at T74, the IPCE spectra presents a red shift of
the peak at 420 nm towards the 440 nm as compared to the
reference devices (see arrows in Fig. 6a). At T30 the shift of the
peak at 440 nm continues until reaching 460 nm. We have
attributed the shift of this peak to the interaction of Ag with
the PEDOT:PSS layer21–23 or the P3HT layer.41 The latter can
induce the slow but steady degradation of the photovoltaic
response of the device by the penetration of Ag into the
PEDOT:PSS layer and the oxidation of the Ag metal electrode
over time. The oxidation of the LiF/Al electrode is also a
possibility which can aﬀect device stability. Nevertheless, the
LiF absorbs at wavelengths above 1000 nm and it cannot be
detected by our methodology. The oxidation of the Al electrode
over time is more apparent since the absorption of Al can be
observed at wavelengths below 400 nm.16 In Fig. 6a and c there
is a shoulder at around 350 nm that decreases with degradation
time and could be attributed to this phenomenon. Moreover,
a decrease in intensity of the IPCE graph at the spectral range
between 500 and 600 nm that corresponds to the P3HT is
observed in Fig. 6a and c, an indication of its degradation over
time. Finally, at T8 the drastic decrease in the IPCE intensity
(Fig. 6a and c) is in agreement with the complete degradation of
the solar cell and the decrease of the photovoltaic properties of
the device observed in the IV curve (Fig. 6c).
In situ IPCE analysis: from ambient atmosphere to N2. The
HOLST device was analyzed by the in situ IPCE analysis. For
this purpose, the glass-seal of the encapsulated device was
broken by making a hole through the glass. The device was
then placed into a cell holder, as described in the experimental
section, and the IPCE analyses were carried out while the
atmosphere was changed from air to N2.
Fig. 7 shows the response of the IPCE analyses and the
corresponding normalized graphs of the device under encap-
sulation conditions and after it was opened to air. No clear
diﬀerences in the IPCE spectral shape were observed after the
device was opened to ambient atmosphere, even after 24 h in
air the device showed nice stability. The main changes were
observed after 48 h in ambient air, especially for the peak at
400 nm, that shiﬀted towards red (430 nm) accompanied by
the increase of the peak at 600 nm. The formation of a new
peak at 430 nm has been attributed to the reaction of the
PEDOT:PSS layer with the Ag electrode as detailed before (see
also Table 1).21–23 The increase of the peak at 600 nm, or the
decrease in the intensity of the maximum peak at 500 nm is
related to the degradation of the P3HT polymer. The device
was completely degraded after one week under ambient air.
Table 3 IPCE peaks observed for the IAPP device under encapsulated conditions and after the device was exposed to ambient atmosphere
Encapsulated In air In air Assignment
ZnPc (Soret band) 340 340 Increases CTC formation with oxygen
C60 380 380
C60 460 440–450 Irreversible blue shift CTC formation with oxygen and degradation
ZnPc (Q band) 630–640 635
ZnPc (Q band) 680–700 690–700 Decreases Irreversible degradation of ZnPC
Fig. 6 Normalized IPCE spectra and the corresponding IV curves for the HOLST solar cell after the full sun stability test at T74, T30 and T8. A reference
cell (T100) was included for comparison. (a) IPCE analysis, (b) IV curves, (c) normalized ICPE graphs and (d) Jsc and PCE at diﬀerent Tx.
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After being opened to ambient air, the device was analyzed
by the in situ IPCE technique (Fig. 8). In general, the intensity
of the IPCE spectra increases when the device is transferred
from ambient atmosphere to N2 (Fig. 8a). The HOLST device
is the only one of all the analyzed in this collaborative work
that showed an increase in the IPCE intensity when analyzed
under a N2 atmosphere, all other devices showed a decrease in
the intensity of the peaks. The increase or decrease of the IPCE
intensity could in principle be attributed to the degradation or
enhancement of the photovoltaic properties of the device,
especially Jsc. Nevertheless, previous in situ IPCE studies
carried out on hybrid solar cells applying diﬀerent solar cell
materials demonstrate that the response can be dependent on a
wide variety of factors.6 In the mentioned example, the diﬀerent
crystalline structures of the oxide layer were observed to be the
reason behind the changes (increase or decrease) in the intensity
of the IPCE spectra over time. In addition, the response was
only observed in the initial stages of the analysis (up to 2 h), after
which all samples stabilized at a certain Jsc (and IPCE values).
An indication that the response follows complex mechanisms,
thus it is not possible at this stage to explain this response
without further experimental work. In Fig. 8b the normalized
IPCE spectra reveal that the main peaks aﬀected by the atmo-
sphere are those located in the region below 450 nm. The whole
region decreases in intensity with time, resembling the reference
IPCE spectra of the encapsulated device (T100). We have related
the region below 450 nm to the Al absorption at 380 nm and to
the Ag-PEDOT:PSS peak.
The conclusion with respect to the HOLST device its good
stability towards dark storage, low intensity ﬂuorescent light
and also to ambient atmosphere but in the latter case only in
the ﬁrst hours of analysis. The device shows some degradation
after 48 h in ambient atmosphere and is completely destroyed
after 1 month in air.
3.2.3. ISE: Glass/Cr/Al/Cr/P3HT:PCBM/PEDOT/Au/glass.
The glass-encapsulated ISE device is an inverted OPV based
on the P3HT:PCBM active layer. A PEDOT:PSS layer and
Au grid are used as the transparent hole extraction layer and
current collector respectively. A Cr/Al/Cr electrode is used as
the opaque back electrode. Gold electrodes, applied as current
collectors, are made on both sides of the device in the form of
thin ﬁngers. Due to the type of encapsulation, the ISE device
was not analyzed by the in situ IPCE technique.
The ISE device presented clear changes over time when
analyzed under full sun. Fig. 9 shows the IV curves and the
normalized IPCE analysis for the full sun stability test at
diﬀerent aging time. The wavelength region below 450 nm is
clearly modiﬁed during the stability test, probably due to
degradation of the Cr–Al–Cr and the Au electrodes. Since
metals like Ag, Cu and Au are known to be attracted by the
S-atom of polymers like P3HT and PEDOT, it is possible that
the interface layer Cr–Al–Cr/P3HT reacts in a similar way, as
well as the hole extraction layer Au/PEDOT:PSS. In the ﬁrst
case, the peak that can be seen clearly at 360 nm for the
reference device (green line) and attributed to the Cr/Al/Cr
electrode increases and disappears over time. In the case of the
[PEDOT:PSSAu] the shoulder at 450 nm observed for the
reference electrode (green line) is maintained over time but
is undistinguishable after several hours under full sun light
Fig. 7 IPCE spectra (a) and the normalized IPCE graphs (b) obtained for a HOLST device before and after the seal was broken to permit the
introduction of the ambient air into the device.
Fig. 8 In situ IPCE spectra of a HOLST device (a) and the normalized IPCE spectra (b). The IPCE spectra in (a) indicate an increase in the IPCE
spectra with time, the normalized spectra (b) show a decrease in the peaks with time.
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(due to overlapping with the rest of the IPCE graph). These
results indicate that the degradation of the device could be
initiated at the electrodes, yet the photovoltaic properties of
the device are maintained until T10 where a drastic drop of the
properties, especially Jsc, is observed (Fig. 9b).
3.3. Semi-encapsulated devices: RISØ-S and RISØ-P
3.3.1. RISØ-DTU: UV ﬁlter/PET/ITO/ZnO/polymer:PCBM/
PEDOT:PSS/Ag/PET. The RISØ-DTU devices are solution-
processing ﬂexible OPV with an inverted geometry. The main
diﬀerence between these two devices is the polymers applied
for their fabrication, RISØ-P applies the typical P3HT polymer,
and the RISØ-S a functionalized copolymer, poly-(3-hexyl-
thiophene)-co-(3-(2-acetyloxyethyl)thiophene) (P3HT-co-P3Ac).
The devices also have a thin layer of a SiO2-based polymer
ﬁlm which is used as an external UV ﬁlter for the device.
Due to the similarity of the devices, this section compares the
response of both devices under similar conditions and stabili-
zation tests.
The initial observation on the RISØ-DTU devices is the low
power conversion eﬃciencies found for the reference devices
when arrived at CIN2. PCE values between 1.59 and 1.82%
were measured at the RISØ-DTU home laboratory. By the
time the devices arrived at CIN2 almost a month had passed
and the PCE were observed to be more than 50% lower,
between 0.7% and 0.6%. The latter indicates that the plastic
encapsulation of the solar cells is not enough to preserve their
integrity. For this reason we consider that these devices are
semi-encapsulated.
Fig. 10 shows a comparison of 3 devices (each) of the RISØ-S
and RISØ-P used as references (T100). In general, we can
observe that the device applying the functionalized copolymer,
RISØ-S, presents higher reproducibility in the IV curves
and also in the IPCE spectra as compared to the device
applying the P3HT polymer, RISØ-P. Irreproducibility is
observed in the RISØ-P device and the wider IPCE peaks
have been observed for other devices in this work (e.g. NREL,
see Fig. 15) and have been attributed to the absorption of
moisture from the atmosphere, which is provoked by the
Fig. 9 Normalized IPCE spectra (a) and IV curves (b) for the ISE solar cell after the full sun stability test at diﬀerent aging time, T100, T74, T50 and T10.
Fig. 10 IV curves and normalized IPCE analysis of the RISØ-S (a) and (c), and the RISØ-P (b) and (d) reference devices at T100.
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presence of highly hygroscopic PEDOT:PSS. The latter can be
more clearly observed by the results obtained for both devices
for the dark storage stability test (Fig. 11). The test reveals that
the photovoltaic response of the RISØ-S device is more
reproducible than that of the RISØ-P device (as observed
for the reference devices of Fig. 10). High variation in the
widening of the normalized IPCE spectra for the RISØ-P
devices is clearly observed even at T70 (Fig. 11d). Although
the RISØ-S spectra show some variation (in comparison with
the reference devices of Fig. 10), this is observed to a much
lesser extent than for the RISØ-P for the same aging time
(T40). These results indicate that both devices are susceptible
to moisture, but the RISØ-S devices seem to be much more
stable. Comparison of the IV curves for both devices at
diﬀerent aging time reveals that the RISØ-P device shows
a drastic decrease in the Jsc of the IV curve at T80, while
the decay observed for the RISØ-S is smooth until T50. The
latter agrees with our observation of higher sensitivity of
the RISØ-S device and is also in agreement with the response
of the devices reported in our past publications.2,3 Moreover,
the widening of the IPCE spectra observed for the RISØ-P
device in Fig. 11d agrees with the appearance of a peak at
450 nm attributed to the formation of a [PEDOT:PSSAg] and
the degradation of the Ag electrode.21–23 Moisture from the
atmosphere could be accelerating the degradation of the device
by reacting initially with the electrodes of the solar cells and
degrading the photovoltaic properties over time.
An interesting observation is that the variability associated
with the absorbance of moisture described above is not
observed for devices that are subjected to another stability
test where light and heat are present. See for example the
normalized IPCE spectra in Fig. 12 that correspond to full sun
stability tests for both RISØ-DTU devices. The latter supports
the theory of the absorbance of moisture over time, and
also demonstrates its reversible eﬀect since moisture can be
(completely or partially) eliminated under diﬀerent conditions
like heat, light or gas ﬂow, among others. [A similar response
has been observed also for the un-encapsulated NREL devices
and the comparison with the IMEC devices, see the corre-
sponding section 3.4.2].
Fig. 12 shows the IV curves and the normalized IPCE
spectra for the RISØ-DTUs devices after the full sun stability
test at diﬀerent aging time. The intensity of the IPCE curve
decreases with increasing degradation time (not shown) as
expected and in accordance with the degradation of the device
over time. The normalized IPCE spectra are shown in Fig. 12a
and b, slight changes can be observed in the intensity of the
peaks above 550 nm, which decrease with time and correspond
to the degradation of the polymers. Both devices degrade in a
very similar manner with the only diﬀerence that the RISØ-P
sample shows a sudden and drastic drop in the PV response
after T50 that can be related to the higher sensitivity to
moisture in comparison to the RISØ-S.
The absorbance of moisture in these solar cells is attributed
to the hygroscopic nature of PEDOT:PSS, but semiconductor
oxides like ZnO are also known to be hygroscopic. The latter
could be the reason behind the degradation/oxidation of the
electrodes like ZnO or Ag metal (also observed in our pervious
works2,3). In addition, PEDOT can provoke the migration of
Ag from the metal electrode (the attraction of metals like Au,
Ag or Cu by the S-atom of these type of polymers is well
documented21–23). The synergy of these events can incite the
degradation of the metal electrodes and destroy the normal
operation of the whole device. In a device like RISØ-P the
failure is catastrophic and is observed much faster than in less
hygroscopic devices like RISØ-S. The question here is what
Fig. 11 IV curves and normalized IPCE analysis of the RISØ-S (a) and (c), and the RISØ-P (b) and (d), after the dark storage stability test at
diﬀerent aging time. A reference device at T100 has been included for comparison.
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makes the RISØ-S device less sensitive to these reactions? The
answer is clearly on the structure of the polymers that could
somehow avoid an early reaction with Ag and slow down the
degradation of the electrodes in the RISØ-S device. Finally,
the fact that the IPCE graphs maintain their shape even after
the PV properties of the solar cells are lost (at aging times of
T18 and T8) indicates that the electrodes of the device are
initially responsible for the failure of the devices and not the
degradation of the active materials themselves.
3.4. UN-encapsulated devices: NREL and IMEC
NREL and IMEC devices, where several solar cells are included
on a single substrate, allow for in-depth studies, especially on
reproducibility. The similarity of the un-encapsulated NREL
and IMEC devices in solar cell conﬁguration and the design of
their substrates permitted the extraction of very useful infor-
mation. In both cases, the solar cells have the conﬁguration
ITO/ZnO/PCBM:P3HT/HEL/Ag, whereHELmeans hole extrac-
tion layer. In the case of NREL the HEL is a PEDOT:PSS
layer, in the case of IMEC the HEL is MoO3. In both cases
solar cells are located on the right and left sides of the
substrate (6 solar cells per substrate for NREL and 12 in the
case of IMEC), as can be seen in Fig. 1.
3.4.1. NREL: ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag/Al.
The NREL device is an un-encapsulated inverted OPV solar
cell. It consists of 6 solar cells per substrate, and only one solar
cell of the substrate was chosen to carry out the stability test at
RISØ-DTU. In general, we observed an inhomogeneous
degradation of the 6 solar cell devices within a single substrate.
Thus it was diﬃcult to obtain clear conclusions on the diﬀerent
stability tests on these devices due to the high variability in the
output data.
Fig. 13 shows an example of the erratic response observed.
The graphs correspond to the IV curves for the NREL devices
analyzed by the full sun stability test at diﬀerent time. Fig. 13
includes the IV curves of the device at T100, T71, T48 and T8.
We incorporated two IV curves for the NREL device degraded
at T71, one in red, the other one in grey. Both graphs corre-
spond to solar cells on the same substrate degraded at the
same conditions, at T71, but the graph in grey represents the
speciﬁc solar cell on the substrate chosen for the stability
test carried out at RISO-DTU2, while the graph in red was
chosen randomly among the best IV curves obtained from
all samples on the substrate. The IV curves in Fig. 13 show
that there is too much discrepancy in the photovoltaic res-
ponse from the devices within a single substrate, thus it was
impossible to arrive at a clear degradation trend with NREL
samples.
Fig. 12 IV curves and normalized IPCE analysis of the RISØ-S (a) and (c), and the RISØ-P (b) and (d) after the full sun stability test at diﬀerent
Tx. A reference device at T100 has been included for comparison.
Fig. 13 IV curves for the NREL devices analyzed by the full sun
stability test at diﬀerent Tx. The IV curves show two graphs at T71.
Both graphs are obtained from the same substrate degraded under the
same conditions, demonstrating the erratic response observed for
NREL devices.
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The general observation from the NREL devices, to be
discussed in this section, is that an erratic response is observed
from the samples. This response has been attributed to the
combination of diﬀerent issues related mainly to the fact that
NREL solar cells are un-encapsulated and prone to degrada-
tion under ambient atmosphere. Our observations indicate
that the solar cells are aﬀected mainly by the high sensitivity to
moisture induced by the presence of PEDOT:PSS. The degra-
dation of the devices initiates during shipping of the devices,
and it is stronger during dark storage. Moisture can be
adsorbed and desorbed easily and under dark storage condi-
tions it aﬀects the solar cells in a random manner showing a
non-linear decrease in the PV properties of the device over
time. Moreover, the solar cells degrade diﬀerently depending
on the position each solar cell occupies on the substrate,
probably due to small diﬀerence in layer thickness during
fabrication. The latter cannot be observed at the initial stages
after the fabrication of the device (e.g. at the NREL home
laboratory), it is only observed after several hours, under
shipping and dark storage. Thus, in this section we will show
the results observed for the NREL devices and the results that
led to the latter conclusions, and we will analyze the possible
causes behind this behaviour.
The hygroscopic nature of PEDOT:PSS. In order to under-
stand the erratic response observed from all the NREL
devices, we started by analyzing the NREL reference devices.
The reference solar cells were fabricated and analyzed at the
NREL laboratory, shipped to RISØ-DTU and then to CIN2
for analysis. Fig. 14 shows the IPCE analysis obtained from
the 6 solar cells of the reference device labelled NREL. Our
ﬁrst observation was that the IPCE response varied between
36% and 56% and that it was somehow divided into two series
of curves: the highest IPCE values (48–56%) were observed for
solar cells labelled 1 to 3 and the smallest values (36–38%) for
devices 4 to 6 as shown in Fig. 14a. Apart from this, the
normalized IPCE curves show a very reproducible shape
(Fig. 14b), an indication of materials integrity within the
devices in the substrate. Nevertheless, the diﬀerent intensity
of the IPCE graphs (Fig. 14a) indicates that some external
factors could probably be aﬀecting the device, which at the
same time aﬀects the overall PCE from the solar cells (see
Fig. 14c).
Comparison of the photovoltaic response obtained for the
same substrate at the NREL home laboratory and at CIN2
permitted us to see that PCEs values decreased in a non-linear
manner from what was measured at the home NREL labora-
tory. Moreover, the variation observed in the PCE of the
devices measured at the home laboratory was between 3–6%
(PCEs between 2.1 and 2.6%), while at CIN2 these diﬀerences
were observed to be larger, between 23% and 37% (PCEs
between 1.6 and 2.4%). At this point, we realized that the
devices were shipped from the NREL home laboratory to
RISØ-DTU and then to CIN2 for analysis, and that the time
that passed between measurements was more than a month
(>700 h). During all the shipping time, the conditions at
which the devices were maintained were mostly dark storage
under ambient air. These conditions are similar to the dark
stability test carried out at RISØ-DTU, with the diﬀerence
that the stability test was carried out for periods of time up to
2.5 months (or 1745 h) at a single location. Thus, the explana-
tion for this response can be found from the dark storage
stability test as will be shown next. The response of a NREL
device to dark storage at T20 (or 1475 h storage in the dark) is
shown in Fig. 15. The most interesting observation is that the
IPCE spectra show high variation in peak intensities and
width, maintaining the same shape as shown by the normalized
IPCE graphs (Fig. 15a). Surprisingly, the response was only
observed for NREL devices stored in the dark (see also ESIw,
Fig. S3). It was not detected for NREL devices subjected to
any type of light tests (ﬂuorescent or full sun stability tests).
The latter indicates that there is an external factor that aﬀects
the NREL devices under dark storage conditions, and it can
be, at least partially, eliminated when the devices are subjected
to irradiation tests (light and/or heat). Analyzing the response
of a very similar un-encapsulated device, IMEC, at the same
dark storage conditions of T20 (Fig. 15b), we observed that the
drastic intensity variation in the normalized IPCE peaks
observed for the NREL device is not present here. The
normalized IPCE spectra of the IMEC devices show some
variation in peak intensity (e.g. below 400 nm or at 625 nm), but
no variation in the width of the peaks is observed (see Fig. 15b).
Fig. 14 IPCE analysis for the reference device NREL (T100). (a) IPCE
spectra, (b) normalized IPCE spectra and (c) PCE measured at the
NREL home laboratory and at CIN2. Samples analyzed at NREL right
after preparation, at CIN2 after shipment (after about 700 h under
ambient atmosphere).
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The only diﬀerence between the solar cell materials used by the
IMEC and the NREL devices is the PEDOT:PSS layer. In
IMEC solar cells, the PEDOT:PSS layer has been substituted by
a thin layer of MoO3. Thus, we attribute the behaviour observed
in the NREL samples to the presence of the PEDOT:PSS layer.
PEDOT:PSS has been shown to be highly hygroscopic.
Several works have also reported on the reversible water
uptake of PEDOT that aﬀects its conductivity properties.42,43
In addition, PEDOT has been proved to be able to oxidize the
cathode electrode.44 It has also been related to the formation
of pinholes and the catastrophic failure of Jsc observed in
inverted OPVs analyzed in air leading to the reduction of
device lifetime.45,46 Although semiconductor oxides like ZnO
or MoO3 are also known to be sensitive to moisture,
47–51 the
MoO3 layer has shown to be much more stable to humidity
than the PEDOT polymer44–46,52,53 and reports on the improve-
ment of device lifetime can already be found in the literature
when the MoO3 layer is used instead of PEDOT:PSS.
54
All the aforementioned detrimental eﬀects on OPVs observed
when PEDOT:PSS is applied have also been observed for the
NREL devices analyzed in this collaborative work as already
reported.3,5 Moreover, detailed analysis by image tests
reported in our second publication3 demonstrates the cata-
strophic failure (by corrosion in air) of the contact electrodes
of the un-encapsulated NREL devices. This observation
agrees with our IPCE (and PCE) results and thus we attribute
the hygroscopic nature of PEDOT:PSS to be the main cause
(but not the only one) behind the erratic response observed for
the NREL devices. Humidity aﬀects the solar cell materials
randomly and reversibly and diﬀerent degree of degradation
can be observed for each solar cell in a substrate.
Eﬀect of the position of the solar cell within a substrate. We
have also observed that the photovoltaic response of the
NREL devices depends to a great extent on the position of
the solar cell within a substrate as shown in Fig. 16, where the
analyses of randomly-chosen devices for each type of stability
test are shown. Especially in the case of full sun stability tests,
the devices with the lowest IPCE values were observed to be
completely degraded while in some cases, the rest of the
devices maintained a relatively good photovoltaic response.
In the case of NREL devices, many of the solar cell substrates
showed this trend, and the response was usually dependent on
the side of the substrate, as shown in Fig. 16. The solar cells
with the highest PCE are identiﬁed in green (on the device
image and in the graph), the solar cells with the lowest PCE are
plotted in blue, and the solar cell chosen (among the 6 of the
substrate) for each stability test carried out at RISØ-DTU has
been plotted in red.
The relation between the eﬃciency of the solar cell and the
position it occupies in the substrate has been recently reported
in the literature for spin coated devices.55 Yet, we believe that
the variable response observed for the devices is the contri-
bution of several factors, with the hygroscopic nature of
PEDOT:PSS being one of the most harmful for the solar cells.
We believe that the time that passed between the fabrication of
the devices at the NREL home laboratory and the relative
humidity present during the shipment and storage is a key
factor for the proper functionality of these devices. Humidity
can incite irreversible damage to the device but it can by itself
provoke the complete destruction of the solar cell electrode
when stored in the dark in air. The damage to the device
probably started during shipment then the inhomogeneous
dispersion of the solar cell layers during fabrication (e.g. small
diﬀerences in thickness of any layer, PEDOT:PSS or active
materials, also diﬀerences in ITO etching, etc.) can do the rest,
but further analyses will be required in order to ﬁnd the exact
cause of this trend. All these factors are clearly observed in
devices stored in the dark in air as shown in Fig. 17. The
IV curves and IPCE analysis of the device NREL after dark
storage until T40 are shown in Fig. 17a–c. The variation in
PCE is observed to be very high, with values ranging between
0.7% and 2.1% when analyzed at CIN2. We also observed
that the behaviour aﬀects the solar cells randomly and reversibly:
the PCE value changes up and down when measured at
diﬀerent laboratories as observed in Fig. 17c. The degradation
is acute depending on the place the solar cell chosen for the
stability test is located in the substrate. In some cases some
devices can preserve their good photovoltaic properties
(as device 5 in Fig. 17) but in others a device can be highly
degraded under the same storage conditions (as seen in device 3
in Fig. 17). In this case, device 5 was the one chosen for the
stability test, and it is observed to be the one with the highest
photovoltaic response among all devices.
This observed eﬀect is important since these diﬀerences have
a relation with the stability of the solar cell chosen (within the
substrate) for the lifetime studies reported in this collaborative
work. It is clear, by looking at the results in Fig. 17, that the
Fig. 15 IPCE analysis of reference devices from NREL (a) and IMEC (b) after the dark storage stability tests at T20 (1745 h).
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response of the solar cell to the dark storage test is completely
dependent on the device chosen for the analysis within the
substrate. But the response is not exclusive of the stability test
under dark conditions, it is also observed in other stability
tests. To illustrate the eﬀect of the position of the solar cell in
other stability tests, we show in Fig. 18 the response of a
NREL device after the full sun stability aging at T71. Device 2
(in red) was the one used for the stability test as reported in
our ﬁrst paper.2 Analyzing the photovoltaic values obtained
for the solar cells within the substrate at the home NREL
laboratory, at RISØ-DTU and CIN2 we observed an increase
in the variability of the PCE within the devices in the substrate,
from very low variability of 3.8% when freshly prepared at
NREL, up to 30% and 66% variability when analyzed at
RISO-DTU and CIN2 respectively. The variation observed
after the stability test when analyzed at CIN2 corresponds to
PCE between 0.88% (device 2) and 2.59% (device 6) among
the solar cells in the same substrate. The normalized IPCE
spectra in Fig. 18a show that the most degraded devices,
devices 1, 2 and 3, present a distortion in the ZnO peak at
340 nm while the rest of the IPCE peaks remain almost
unaﬀected (the eﬀect is also observed in Fig. 17a). The latter
is an indication that the degradation of the solar cells could be
initiated on the electrodes and not in the main active materials.
In this device, solar cell 2 was the one chosen for the stability
test at RISØ-DTU, but it is also the solar cell with the worst
PV response at T71. While choosing device 6 could lead to a
completely diﬀerent conclusion on stability. We have also
observed that since the solar cells analyzed at NREL showed
very reproducible response right after fabrication (Fig. 18d), it
was impossible to know initially which solar cell was the best
one to carry out the stability test or which one could present
these problems. The device chosen at RISØ-DTU for the
stability test was the solar cell with the best photovoltaic
response at the moment of analysis at RISØ-DTU [more
examples are included in Fig. S3 and S4, ESIw].
Fig. 16 IPCE analyses of NREL randomly selected devices after diﬀerent stability tests. (a) NREL under dark storage T20; (b) NREL under dark
storage T40, (c) NREL under low intensity ﬂuorescent light at T30, (d) NREL under low intensity ﬂuorescent light at T72, (e) NREL under full sun
at T70 and (f) NREL under full sun at T7. Green circles indicate the devices with the highest IPCE value among the substrates, graphs in red
correspond to the solar cell selected to carry out the corresponding stability tests at RISØ-DTU.
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The Ag/Al electrical contacts. The 200 nm thick Ag/Al
electrodes of the NREL samples are used as the electrical
contact which connects the device with the measurement
equipment. We observed that the longer the degradation time
of the NREL samples the electrical contact with the devices
became more diﬃcult. At the same time, higher error was
observed in the IPCE response in comparison with the Jsc
obtained from the IV curves. The Ag/Al electrode can easily be
scratched from the substrates due to its reduced thickness
(200 nm). This can be partially contributing to the erratic
response we observed for the NREL samples. Under a con-
tinuous testing condition, like in our ﬁrst publication, the
problem with the electrical connection resulted in high noise
level of the output data.2 In our case, a connection failure
results in ﬂat IPCE spectra. Since the IPCE analysis is a
punctual measurement, the electrical connection problem
was easily resolved by adjusting the clip connectors. Never-
theless, a non-optimal electrical contact can have some inﬂu-
ence on the ﬁnal IPCE result. To illustrate the latter we can
analyze Fig. 18 in more detail. The trend observed in the IPCE
(Fig. 18b) is in good agreement with the trend observed for the
PCE (Fig. 18d): solar cells 1–3 show lower PCE than solar cells
4–6. Nevertheless, solar cell 4 should have higher PCE than
solar cell 5, the same for solar cells 1 and 3. We believe that
these small changes in the NREL results are due to the
problem with electrical connections, but further analysis must
be needed to demonstrate the latter. We know that this
problem can be largely eliminated by painting a silver ink on
the contact pads as was done for the IMEC samples described
in Section 3.4.2.
In situ IPCE analyses. The in situ IPCE analysis carried out
on the NREL device is shown in Fig. 19. The IPCE spectra
(Fig. 19a) show that the whole spectra decrease in intensity
with time, an indication of the reversible exchange of oxygen
from organic semiconductor materials as reported.26–31 The
formation of a CTC between organic semiconductors and
oxygen from the atmosphere, CTC [P3HTO2], is clearly
observed at around 525 nm. The peak has been reported to be
reversible, and to increase the photovoltaic properties of
OPVs,27 in good agreement with the IPCE response observed
in Fig. 19a. These features can be observed more clearly in the
normalized IPCE spectra of Fig. 19b. The wavelength region
above 500 nm corresponds to the P3HT polymer; the shift
observed for the peak at 530 nm towards 560 nm is well known
to be due to the formation of a reversible CTC between
organic semiconductors (like C60 or P3HT) and oxygen from
the atmosphere.26–31
The normalized IPCE spectra (Fig. 19b) also show the decrease
of the peak at 360 nm which corresponds to the release of
oxygen from the ZnO (to ZnO1x) crystalline structure. This
phenomenon has been extensively described for ZnO and also
for other semiconductor oxides in solar cells.56–58 The applica-
tion of the in situ IPCE technique to visualize this eﬀect has
been recently reported for hybrid solar cells applying doped
and undoped oxides with a similar response.6,59
Polymer S-atom bonding to metallic Ag from the electrode.
Finally, we have also observed in Fig. 19 that although the
band below 400 nm from the ZnO decreases when the device
is subjected to the N2 atmosphere, the absorption band at
B430 nm is maintained.We have recently proposed the formation
of a S-oxide bond, in the latter case between the interface of P3HT
and TiO2, which resulted in a similar behaviour, the absorp-
tion peak of the oxide decreased under N2 atmosphere and a
band that appeared atB350 nm was maintained unaﬀected.6,41
Fig. 17 Dark storage stability test at T40 for the device NREL. Green circles indicate the devices with the highest IPCE value among all the
samples in the substrate, graphs in red correspond to the solar cell selected to carry out the corresponding stability tests at RISØ-DTU.
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In the case of an inverted OPV like NREL (ITO/ZnO/
P3HT:PCBM/PEDOT:PSS/Ag/Al), besides the S–ZnO bonding
between ZnO and the S-atom of the P3HT, the formation of a
chemical bond between the Ag and the PEDOT:PSS is possible
due to the attraction of the S-atom of PEDOT towards Ag.25
A nanocomposite of the type [PEDOT:PSSAg] is known to
absorb in the UV-Vis at around B420–450 nm.21–23 Since the
compound doesn’t have oxygen that can be released under N2,
the absorption band will not disappear in agreement with
Fig. 19b. Moreover, the attraction of the S-atom from polymers
like PEDOT and P3HT and the observation of the IPCE peak at
430 nm are in well agreement with the degradation of the Ag
metal contacts (by electro-migration of Ag into the PEDOT:PSS
layer). The latter can provoke device shunting, as observed for
the NREL devices analyzed by our imaging characterization
techniques and reported in our second work, Ro¨sch et al.3
In conclusion, the NREL devices have been demonstrated to
be highly sensitive to humidity in agreement with the reversible
water uptake known for PEDOT:PSS. The presence of a peak
in the IPCE spectra at B430 nm indicates the interaction
between Ag and [PEDOT:PSS]. These two factors could
initiate the degradation of the solar cell at the electrodes,
reducing the ﬂux of current through the solar cell over time.
Although the device is no longer operative, the integrity of the
solar cell materials is preserved as observed by the homo-
geneous IPCE spectra (normalized). Moreover, the position of
the solar cells within the substrate together with the random
water uptake of PEDOT:PSS provokes the degradation of the
solar cells and is highly variable in the cells located on the
same substrate. Finally, we should also draw attention to
the diﬀerence in the relative humidity (RH%) per year that
characterizes the region where the home NREL laboratory is
located (Colorado, USA, RH 40–50% per year) and the one at the
RISØ-DTU laboratory (Roskilde, DK, RH 80–90% per year)
where the stability tests were carried out. The hygroscopic
nature of PEDOT:PSS and the high diﬀerence in RH% between
Fig. 18 Analysis of the 6 solar cells of the NREL substrate after the full sun stability test at T71. Among all solar cells, device 2 was the one chosen
initially to carry out the stability tests at RISØ-DTU (in red).
Fig. 19 In situ IPCE analysis of an NREL device (a) and the normalized IPCE spectra (b).
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these laboratories can explain the discrepancy in lifetime
observed for the NREL devices analyzed in ambient atmo-
sphere at the home NREL laboratory52 and at RISØ-DTU as
reported in our ﬁrst publication.2
3.4.2. IMEC: ITO/ZnO/P3HT:PCBM/MoO3/Ag/Al. The
IMEC device is an inverted OPV. The main diﬀerence with
the NREL device described before is the replacement of the
PEDOT:PSS layer by a thin MoO3 layer, which is well known
to confer better stability towards ambient atmosphere (especially
humidity).54 Although the hygroscopic PEDOT:PSS is known
to be catastrophic for organic solar cells,44–46 we should keep
in mind that semiconductor oxides like ZnO and MoO3 can
also be sensitive to moisture.47–51 In fact, semiconductor
oxides are used as humidity sensors50,51 and thus the ambient
atmosphere also exerts an important eﬀect on the IMEC
devices. In general, most of the features observed for the
NREL devices were observed for the IMEC devices. In the
IMEC devices, however, the response was observed to be
much more reproducible and ‘ordered’ which permitted the
explanation of many more aspects of the degradation. It also
permitted the conﬁrmation of the results observed for the
NREL devices and the catastrophic nature of the PEDOT:PSS
layer in those devices. Thus, IMEC devices appear much more
reproducible and we were able to compare devices through
diﬀerent light stability tests at one aging time, Tx, as well as the
degradation of the device at full sun at diﬀerent aging times.
The analysis of the IPCE reference devices (T100) of IMEC
samples resulted in some variation between solar cells in the
same substrate, but in general, very good reproducibility was
observed as can be seen from the normalized IPCE spectra.
The main features of an encapsulated and an un-encapsulated
device are shown in Fig. 20. Devices were analyzed at T100.
Device (a) and (b) refer to un-encapsulated and encapsulated
solar cells respectively. Comparison of both spectra shows two
clear features for the un-encapsulated device: ﬁrst, the widen-
ing of the absorption region below 400 nm and second, the red
shift observed for the maximum IPCE peak from 535 nm when
encapsulated to 560 nm when no encapsulation is present
(peaks marked with arrows). The widening of the region below
400 nm corresponds to the ZnO andMoO3 absorption region.
60
The latter indicates that the ambient atmosphere is modifying
the properties of these oxides, in agreement with the sensitivity
towards humidity known for several semiconductor oxides,47,50
among which are MoO3
49,51 and ZnO.48
The shift observed for the maximum IPCE peak shown in
Fig. 20 is associated to the interaction of organic semiconductors,
like P3HT, towards oxygen.27,28 Here it is important to remark
that other peaks that correspond to the P3HT, above 550 nm,
are maintained unaﬀected in shape and intensity. The latter
also agrees with the fact that the formation of a CTC between
P3HT and oxygen, CTC [P3HTO2], from the atmosphere
does not imply degradation, since the CTC is known to be
reversible, and only the long-term light irradiation of the CTC
compromises P3HT stability.27,28
The advantage of MoO3. The reference devices from IMEC
behave very similar to devices from NREL. The PCE analyzed
at the IMEC laboratory for the reference devices (T100) was
observed to be higher than what was measured at CIN2
(Fig. 21). The variability found in the PCE values was also
observed to decrease randomly among the devices, and it has
been attributed to the time that passed between device fabrica-
tion, shipment to RISØ-DTU and to CIN2 (more than a
month diﬀerence). The IPCE analysis showed also diﬀerences
between devices but we did not observe any diﬀerence in the
IPCE intensity that depended on the place of the solar cell
in the substrate as observed for the NREL devices. The
normalized IPCE spectra show very good reproducibility as
shown in Fig. 21b.
The decrease in PCE (and the random variability) was also
observed for the devices used for the dark storage stability
tests (Fig. 22). Devices measured at the IMEC home labora-
tory at T100 showed larger PCE in comparison with the values
observed at RISØ-DTU before the stability test (Fig. 22e).
Very useful information was acquired by analyzing the results
obtained from the dark storage tests at T69, T49 and T28 as
shown in Fig. 22. The ﬁrst conclusion is the good reproduci-
bility of the normalized IPCE spectra for each aging time
(Fig. 22d). The latter indicates that, within an error, the solar
cells degrade in a similar way in the substrate.
Analyzing the IPCE graphs in Fig. 22a–c (without normali-
zation), we can clearly observe that the longer the storage in
the dark the lower the IPCE value and also the higher the
variability among the solar cells within the substrate. In
Fig. 22c we observed that the diﬀerences with respect to the
position of the solar cell within the substrate start to appear at
this stage, the devices 1 to 6 (and also device 12) being the ones
showing the worst response. The eﬀect was observed only after
many hours under dark storage, almost at the end of the
Fig. 20 Normalized IPCE spectra (left) and the corresponding IV curve (right) of IMEC solar cells at T100. (a) Un-encapsulated, (b) encapsulated.
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lifetime of the device (T28 or 1745 h). In the NREL devices this
behaviour was observed to be very drastic and appeared
randomly in the majority of all the devices independently of
the aging time. Thus, we observe that the ambient atmosphere
is crucial for NREL and IMEC devices and in both cases it has
a nonuniform eﬀect on the position of the solar cell on the
substrate. The eﬀect is observed much earlier (or faster) for
the NREL devices, and later (or slower) for the IMEC
devices, in agreement with the highly hygroscopic nature
of the PEDOT:PSS layer in comparison with MoO3. It is
important to mention that with IMEC devices we observed that
the wavelength region below 400 nm, corresponding to the ZnO
and MoO3 layers, was greatly inﬂuenced by the dark storage.
The peaks at 340 nm and 380 nm (especially the peak at
340 nm that corresponds to MoO3) increase with the dark
storage time, an indication that the oxides layers could be
slowly adsorbing moisture from the atmosphere. The latter
can also promote the degradation of the electrodes or other
internal reactions in the device, something that cannot be
determined by this technique but agrees with the data reported
in our second work.3 Fig. 22f shows that some solar cells
present low PCE but the corresponding IPCE spectra do not
match with this trend since it is very similar to the rest of the
devices in the substrate. The latter indicates that an external
factor (such as electrode damage) could be aﬀecting the device
response, and is supported by the localized degradation of the
wavelength region that corresponds to the electrodes (below
400 nm).
Fig. 23 shows the eﬀect of full sun irradiation on IPCE
analysis (Fig. 23a) as well as the corresponding IV curves
(Fig. 23b) for an un-encapsulated IMEC solar cell. In general,
photovoltaic properties of the IMEC device decrease with time
under full sun irradiation conditions, in agreement with our
previous articles.2,3 The IPCE analysis shown in Fig. 23
reveals that the causes of degradation are related to the oxide
electrodes, ZnO and MoO3, as indicated by the steady
decrease of the peaks below 400 nm. Another important factor
is the degradation of the IPCE peaks that correspond to the
P3HT at 560 nm and 600 nm (with respect to the reference
device) which translates to a decrease of the current density of
the IV curves. The shift of the maximum IPCE peak over time
(due to the decrease of the maximum IPCE peak at 575 nm
(reference) and the emerging of a peak at 525 nm) indicates
that the [P3HTO2] CTC disappears with longer irradiation
times due to degradation of the P3HT.
In situ IPCE. The features observed in the in situ IPCE
analysis of the NREL devices described in the section above
are the same for the IMEC devices with only two important
diﬀerences. The IMEC device applies a thin layer of MoO3 in
replacement of the PEDOT:PSS layer of the NREL devices
(Fig. 24a). The MoO3 layer is a semiconductor oxide that
absorbs at wavelengths of 350 nm and below.7–10 It also
shows oxygen-release and exchange properties as reported
by Mestl et al.61 Thus, the normalized IPCE spectra of the
IMEC devices shown in Fig. 24b present two peaks below
400 nm, one at 340 nm that corresponds to the MoO3 and
a second one that corresponds to the ZnO at 380 nm. Both
peaks decrease steadily with time under an inert N2 atmo-
sphere due to the release of oxygen from their structure
(ZnO - ZnO1x and MoO3 - MoO3x), a characteristic
of many semiconductor oxides.6,56–59 Comparison between
NREL and IMEC devices indicates that the decrease in
IPCE intensity observed when the device is transferred from
the ambient atmosphere to N2 is faster for the IMEC device
and slower for the NREL device in agreement with the
presence of two (ZnO and MoO3) and one (ZnO) oxide layers
respectively.
The second diﬀerence is related to the peak at 430 nm
observed for the NREL devices and related to the bonding
between the S-atom from the polymers and the Ag metal.
Since the IMEC devices (ITO/ZnO/P3HT:PCBM/MoO3/Ag/Al)
Fig. 21 IMEC reference device analyzed at T100. (a) IPCE analysis,
(b) normalized IPCE analysis and (c) the PCE obtained at IMEC
(freshly prepared) and at CIN2 (after about 1475 h in ambient
atmosphere).
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do not have the PEDOT:PSS layer, the formation of a
polymer–Ag bonding cannot take place, in agreement with
the absence of the peak at 430 nm of the IPCE in Fig. 24b.
Moreover, the formation of a bond between P3HT and Ag cannot
be possible since the MoO3 layer prevents this interaction.
In conclusion, for the IMEC devices, the replacement of the
PEDOT:PSS layer by the MoO3 does not suppress the water
intake completely but stabilizes the device enough to observe
good reproducibility of the solar cells in the substrate. Water
intake is driven by the oxides themselves that are sensitive to
Fig. 22 IMEC substrates (12 solar cells per substrate) analyzed by the dark stability test at (a) T69, (b) T49 and (c) T28. (a)–(c) IPCE, (d) Normalized
IPCE, and (e) PCE of three reference devices analyzed at T100. Analysis performed at IMEC right after device fabrication, at RISO-DTU after
shipment at about 720 h. In red the devices chosen at RISØ-DTU for the stability tests as reported in ref 1.
Fig. 23 Un-encapsulated IMEC solar cells under the full sun stability test. (a) PCE vs. time, (b) normalized IPCE analysis and (c) IV curves. Data
correspond to the full sun stabilization test at T100, T60, T44 and T28.
Fig. 24 in situ IPCE analysis of an IMEC device (a), and the corresponding normalized IPCE spectra (b).
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moisture and degrade the electrodes of the device. Never-
theless, the eﬀect is observed to be slow and reproducible when
compared with the NREL devices.
4. Conclusions
The IPCE spectra of an OPV can be considered as the
ﬁngerprint of the device since almost each of the materials
that constitutes the solar cell can be identiﬁed in the spectra.
Following the trail left by each peak during lifetime operation
confers a general indication on the location of the problem in
the materials. The true degradation of a solar cell should
present IPCE spectra that lose all the peaks slowly over time
in accordance with the decrease of the photovoltaic perfor-
mance observed from the IV curve. The latter was observed
for the encapsulated samples or in samples opened to the
ambient air and degraded in a short period of time. The semi-
encapsulated samples and un-encapsulated samples were
observed to lose their PV properties randomly or suddenly.
In some cases the main IPCE spectra were maintained
unaﬀected and only changes in a speciﬁc wavelength region
were observed. The response was attributed to the degradation
of the device electrodes and charge transport layers which
provokes a loss in current collection, but not the degradation
of the OPV materials themselves. In conclusion, we found that
the encapsulated devices are highly reproducible and stable,
especially the small-molecule IAPP device. Encapsulated
devices like HOLST and ISE showed that degradation could
be initiated on the Ag or Au interface with PEDOT:PSS. The
reaction between metals like Ag, Au or Cu is known to be self-
driven and does not require the presence of oxygen or moisture
from the atmosphere to initiate. The application of two
diﬀerent P3HT polymers to the RISØ-DTU devices demon-
strates that a functionalized-P3HT confers higher stability and
reproducibility to the solar cell. The un-encapsulated devices,
NREL and IMEC, were demonstrated to be highly dependent
on atmospheric conditions, and our results indicate that
degradation of the devices, especially electrodes, started during
shipment. Devices that used PEDOT:PSS as a hole extracting
layer presented the worst cases of degradation attributed to its
hygroscopic nature. The diﬀerent PV behaviour observed for
analyses taken at diﬀerent laboratories has been attributed to
the reversible water-uptake properties of PEDOT:PSS, and to
a lesser extent to the semiconductor oxides ZnO and MoO3,
that increase the electrode internal resistance at high humidity
levels. The replacement of PEDOT:PSS by a thin layer of
MoO3 improved device stability and slowed-down the sensi-
tivity to moisture. However, it did not eliminate the eﬀect of
moisture uptake since semiconductor oxides are also known to be
water-sensitive. The multi-device design of the un-encapsulated
samples (NREL and IMEC), permitted us to arrive at
important conclusions: (a) water uptake is observed in both
devices, more strongly when PEDOT:PSS is used, but also due
to the semiconductor oxides ZnO andMoO3; (b) water-uptake
is observed to be random and reversible, (c) moisture degrades
initially the electrodes of the device, and (d) the position of the
solar cell within a module inﬂuences drastically the ﬁnal solar
cell degradation. The IPCE and the in situ IPCE techniques
have been demonstrated to be useful as a ﬁrst step towards the
identiﬁcation of the materials more susceptible to degradation
during OPV stability tests.
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